The presence of antibiotics in soils could be due to natural production by soil microorganisms or to the effect of anthropogenic activities. However, the impact of these compounds on plant physiology has not been thoroughly investigated. To evaluate the effect of b-lactam antibiotics (carbenicillin and penicillin) on the growth and development of Arabidopsis thaliana roots, plants were grown in the presence of different amounts and we found a reduction in root size, an increase in the size of root hairs as well as an abnormal position closer to the tip of the roots. Those phenomena were dependent on the accumulation of both antibiotics inside root tissues and also correlated with a decrease in size of the root apical meristem not related to an alteration in cell division but to a decrease in cell expansion. Using an RNA sequencing analysis, we detected an increase in the expression of genes related to the response to oxidative stress, which would explain the increase in the levels of endogenous reactive oxygen species found in the presence of those antibiotics. Moreover, some auxin-responsive genes were misregulated, especially an induction of CYP79B3, possibly explaining the increase in auxin levels in the presence of carbenicillin and the decrease in the amount of indole glucosinolates, involved in the control of fungal infections. Accordingly, penicillin-treated plants were hypersensitive to the endophyte fungus Colletotrichum tofieldiae. These results underscore the risks for plant growth of b-lactam antibiotics in agricultural soils, and suggest a possible function for these compounds as fungus-produced signaling molecules to modify plant behavior.
Introduction
Almost 90 years since Alexander Fleming's accidental discovery of a fungus able to inhibit the growth of bacteria in an unattended plate (Fleming 1929) , penicillin, the molecule responsible for the phenomenon, still deserves interest in the ecological field. Its clinical use has been increasing since the 1940s, and numerous derivatives of the basal structure have been developed, the b-lactam antibiotics being the most used antibiotics in human therapeutics (Campos et al. 2007 , Hogberg et al. 2014 . This fact explains their presence in wastewater effluents or biosolids, products obtained from urban wastewater purification or in animal manure, which have been used as crop fertilizers for decades. Although the environmental focus has been on the increase in antibiotic resistance in soils during the last 40 years (Knapp et al. 2010) as well as on its selection and transmission to plants or humans (Jechalke et al. 2014) , the effects of the accumulation of antibiotics in ecosystems are not completely understood (Martinez 2009 ). As an example, accumulation of antibiotics and their effects in plant tissues have not been studied in depth (Bartrons and Penuelas 2017) . Those affecting bacterial DNA synthesis and replication, and protein synthesis have been shown to produce frequent alterations in the size and weight in plants (Hillis et al. 2011) . In contrast, b-lactam antibiotics have been generally regarded as safe, due to their specific mechanism of action (Van Bambeke et al. 2017) , although modifications in several plant traits at low concentrations have been found in some cases without providing a molecular explanation for this (Minden et al. 2017 ). These included a short root and an increase in lateral root formation, both phenomena usually being related to alterations in auxin signaling and/or metabolism (De Smet et al. 2007 ), but were strongly influenced by the type of plant tested (Hillis et al. 2011 , Minden et al. 2017 .
From an ecological point of view, apart from their presence in human residues, plants could face antibiotics in natural environments since these products are synthesized by soilborne microorganisms. Given the fact that antibiotics are also regarded as quorum-sensing molecules (Davies 2006 , Plant Cell Physiol. 59(10): 2086 -2098 (2018 doi:10.1093/pcp/pcy128, Advance Access publication on 6 July 2018, available online at www.pcp.oxfordjournals.org ! The Author(s) 2018. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. For permissions, please email: journals.permissions@oup.com Linares et al. 2006) and in view of the existence of interkingdom signaling molecules such as N-acyl homoserine lactone (AHL) which produce effects on plants (Kan et al. 2017) , we wondered if b-lactams could also behave similarly, altering the behavior and/or characteristics of plants. In this study, we reveal the physiological, structural, molecular and cellular changes that roots of Arabidopsis undergo upon treatment with b-lactam antibiotics that reflects a possible specific response in the presence of this type of molecule.
Results

Carbenicillin and penicillin impair root cell elongation
To establish whether b-lactam antibiotics have a visible effect on root growth, we sowed wild-type Col-0 seeds on Murashige and Skoog (MS) plates with increasing concentrations of carbenicillin (Crb) and penicillin (Pen), and incubated them vertically for 7 d. None of the antibiotics impaired seed germination, but both of them inhibited root elongation by 60% and 30% of the normal length at concentrations of 100 and 1,000 mg ml -1 in the medium, respectively (Fig. 1A) . This effect was accompanied by a significant uptake of Crb and Pen by the roots, since both intact molecules could be detected in crude extracts of extensively washed roots of plants grown with 100 mg ml -1 of the corresponding antibiotics (Fig. 1B) . In older plants, we confirmed that Pen not only adhered to the root surface ( Supplementary Fig. S1A ) but was also detected in aerial parts of the plants that had been in contact with the antibiotic only through the roots (Supplementary Fig. S1B ). Hence, it is very likely that Crb and Pen impair root growth by directly interfering with endogenous cellular growth processes.
Root growth is mostly maintained by cell division in the root apical meristem (RAM) and expansion of the cells once they leave the RAM (Beemster et al. 2003) . Although we could observe a clear decrease in the size of the RAM in the presence of 100 mg ml -1 of the antibiotics ( Fig. 2A, B) , this was not due to an alteration of cell division. First, examination of the cell division marker CYCB;1 in root meristems of mock and treated seedlings yielded comparable results ( Supplementary Fig. S2 ). Secondly, the number of meristem cells in the cortex layer was almost the same in mock and Crb-or Pen-treated roots (26.7 ± 4.3, 24.2 ± 3.1 and 23.9 ± 4.2, respectively). On the other hand, we did observe a significant decrease in cell size along the main root axis, for cells both inside the meristem and in the transition zone in roots treated with Crb and Pen, compared with mock-treated roots (Fig. 2C) . These results suggest that b-lactam antibiotics may reduce root elongation by decreasing cell expansion.
It has been reported that an impairment in root elongation is frequently linked to an increase in root width (Barnes et al. 1989 , Jung and McCouch 2013 , Qian et al. 2015 . In the case of seedlings grown in the presence of b-lactam antibiotics, their roots were also significantly wider than the control roots (between 1.25-and 1.4-fold, P < 0.01) (Fig. 3A-C) . Interestingly, all the individual cell types examined were wider than control cells ( Fig. 3D-F) , indicating that there was no particular cell type that contributed more to this effect.
Carbenicillin induces transcriptomic changes involving biotic and abiotic stress responses
To determine the molecular basis for the root elongation impairment caused by b-lactam antibiotics, and investigate other possible alterations, we performed an RNA sequencing (RNASeq) analysis of the roots of 7-day-old seedlings grown continuously, or for only 1 d, with a low dose of Crb (10 mg ml -1 ). In these conditions, Crb caused statistically significant changes in 993 genes after 1 d, which were reduced to 583 genes after 7 d ( Fig. 4A; Supplementary Table S2 ). These proportions were maintained when only the genes with an expression fold change 2 were considered (228 after 1 d, 149 after 7 d) (Fig. 4A) . In terms of the gene expression sign, Crb induced a total of 399 genes, 135 of which were induced both after 1 and 7 d; and it repressed the expression of a total of 505 genes, 160 of which maintained their repression even after 7 d in the presence of Crb (Fig. 4B) . Interestingly, the Gene Ontology (GO) categories that were over-represented among the differentially expressed genes in roots exposed to Crb were those related to the response to oxidative stress, which also included the response to bacterial pathogens, response to UV-B light and antioxidant metabolism ( Fig. 4C; Supplementary Figs. S3, S4 ).
When we examined the possible relative enrichment of genes of a specific root cell type among the genes misregulated by Crb, we did not find any statistically significant bias except towards genes in the cortex, the pericycle and the phloem pole (Fig. 5) . This result largely coincides with the previous observation that the growth defects induced by Crb and Pen were not specific for any given root cell type (Fig. 3) , and therefore the enrichment of gene expression changes in several cell types must be unrelated to growth processes.
In summary, genome-wide transcriptional analysis suggests that b-lactam antibiotics might interfere with biotic and abiotic stress-related pathways in root cells, indirectly affecting root growth.
Carbenicillin and penicillin promote developmental traits associated with increased oxidative metabolism
In an attempt to confirm whether the alteration of stressrelated genes suggested by the RNA-Seq analysis results in noticeable changes in reactive oxygen species (ROS) metabolism and downstream events, we examined ROS levels in roots using 2',7'-dichlorodihydrofluorescein diacetate (H 2 DCFDA) as a general ROS indicator dye. The intensity of the signal turned out to be higher in the roots of seedlings grown in Crb and Pen, especially in the transition zone (Fig. 6A) . This increase was due to an enhancement of endogenous ROS production, rather than a reaction with the b-lactam antibiotics, since it was not visible in the rhd2 mutant impaired in the main root NADPH oxidase (Foreman et al. 2003) (Fig. 6A) .
ROS and nitric oxide (NO) have been shown to interact in the modulation of stress responses, usually with NO as a negative regulator of ROS activity (Sanz et al. 2014 , Farnese et al. 2016 ). An additional indication that the regulation of ROS production by b-lactam antibiotics is indeed relevant is that they also affected NO levels ( Supplementary Fig. S5A ). In a reciprocal manner, the reduction of NO levels in the triple noa1 nia1 nia2 mutant (Lozano-Juste and Leon 2010) allowed a stronger Crband Pen-dependent induction of ROS production ( Supplementary Fig. S5B ). This effect was expected, given that NO-deficient mutants already display increased flavonol accumulation, consistent with elevated ROS levels (Sanz et al. 2014 ).
Among the phenotypic traits associated with increased ROS production in roots are the promotion of radial cell expansion (as observed in the presence of the b-lactam antibiotics in Fig. 3B ) and the production of longer root hairs (Carol and Dolan 2006, Jung and McCouch 2013) . This trait was clearly observed in seedlings grown with Crb and Pen ( Fig. 6B) and, more importantly, it was dependent on the presence of an active RHD2 NADPH oxidase (Fig. 6B) . The increased width of roots treated with antibiotics was also restored both in the rhd2 mutant and using diphenylene iodonium (DPI), a known inhibitor of NADPH oxidase (Foreman et al. 2003) ( Supplementary Fig. S6 ). Further analysis showed that the appearance of hairier roots in antibiotic-grown seedlings was due to the combination of two factors. First, root hair growth initiated closer to the tip of the roots (Fig. 6C) ; and, secondly, root hairs were significantly longer (Fig. 6D) . In contrast, we did not observe any alteration in the determination of root hair identity when we inspected the expression pattern of the atrichoblast marker gene GL2 (Masucci et al. 1996) , which was equally expressed in files of epidermal cells both in control and in antibiotic-treated seedlings ( Supplementary Fig. S7 ).
Carbenicillin and penicillin alter auxin homeostasis in roots
Among the genes misregulated by Crb (Supplementary Table  S1 ), several of them encoded well-known auxin-responsive genes, such as IAA14, IAA20 and IAA28. This observation prompted us to quantify the auxin concentration in the roots of Crb-treated seedlings. Interestingly, growth in the presence of Crb caused a 6-fold increase in auxin levels, even in the rhd2 mutant (Fig. 7A ). This result is in agreement with the induction of at least CYP79B3 (Fig. 7B) , one of the three key genes in tryptophan-dependent auxin biosynthesis in roots (Zhao et al. 2002 , Ljung et al. 2005 , Enders and Strader 2015 . Although several pieces of evidence exist for an interdependence between ROS and auxin levels (Manzano et al. 2014 , Sanz et al. 2014 , in this case b-lactam antibiotics seem to affect both through independent mechanisms, given that ROS still accumulated and more root hairs were produced in response to Pen and Crb in the cyp79b2/b3 mutant ( Supplementary Fig. S8 ), which is impaired in auxin biosynthesis in roots (Zhao et al. 2002) .
To gather additional evidence on the effect of b-lactam antibiotics on auxin signaling, we examined the expression pattern of b-glucuronidase (GUS) fused to the promoter of SKP2B, a gene that responds to auxin in roots and regulates lateral root development (Manzano et al. 2012 ). While SKP2B::GUS was visible in control roots only in the root tips and in the domains of emergence of new lateral roots ( Fig. 7C; Supplementary Fig. S9 ), Crb and Pen expanded its expression to new areas, sometimes covering large parts of the roots ( Fig. 7C; Supplementary Fig.  S9 ). This result is in agreement with higher auxin levels in roots of seedlings grown in the presence of b-lactam antibiotics, and also with an observed increase in lateral root density (Fig. 7D ).
Carbenicillin and penicillin affect the interaction between roots and soil fungi
The transformation of tryptophan into indole-3-acetaldoxime (IAOx) is not only used to synthesize auxin in roots, but it is also a limiting step in the synthesis of indole-glucosinolates (IGs) and tryptophan-derived phytoalexins (i.e. camalexin) (Halkier and Gershenzon 2006, Muller et al. 2015) . Upon breakdown by specific myrosinases, IGs have been linked to the resistance to herbivores and to the attack of microorganisms (Clay et al. 2009 , Sotelo et al. 2015 , Pastorczyk and Bednarek 2016 . Thus, the observation that other genes involved in the synthesis of those compounds-such as CYP71A12, CYP71A13 and CYP81F2-and in plant-microorganism interaction were misregulated by Crb ( Fig. 8A ; Supplementary Table S1) suggested that b-lactam antibiotics might alter the way in which plants interact with the soil microbiota. To investigate this possibility, we analyzed the levels of several IG metabolism intermediates (Fig. 8B ) in the roots of seedlings grown with 100 mg ml -1 Crb or Pen. Despite the previously observed increase in CYP79B3 expression (Fig. 7B) , the levels of the downstream product indol-3-ylmethyl glucosinolate (I3M) did not increase significantly (Fig. 8C) , suggesting that IAOx was probably being channeled towards auxin, and not IG biosynthesis. Moreover, the relative levels of two I3M-derived compounds, 4-hydroxy-I3M and 4-methoxy-I3M, were significantly decreased in the presence of Crb and Pen (Fig. 8D, F) , but not that of 1-methoxy-I3M (Fig. 8E) . In agreement with this, Crb and Pen reduced the expression of CYP81F2 without affecting CYP81F3 and CYP81F4 (Fig. 8B, G) , providing a plausible explanation for the drop in C4-modified I3M products. Interestingly, this effect seems to be independent from ROS accumulation, since it was also observed in the rhd2 mutant ( Supplementary Fig. S10 ). These results strongly suggest that b-lactam antibiotics would cause a reduction in IGs, possibly affecting the interaction between the roots and the soil microbiota. Although the expression of genes involved in the production of camalexin, a plant defense compound produced upon fungal or bacterial attack (Rogers et al. 1996) , such as CYP71A12 and CYP71A13, was repressed in Crb-treated roots ( Fig. 8A ; Supplementary Table S1), we were not able to detect camalexin or its precursor in mock-or Crb-treated samples, so we cannot rule out that other glucosinolates and phytoalexins are also reduced in response to b-lactam antibiotics. Fig. 5 Cell type specificity of the stress-related genes misregulated by carbenicillin in roots. The heatmap on the left represents the expression change induced by carbenicillin in genes that belong to stress GO categories. On the right, the heatmap represents the expression level in the different cell types of the Benfey data set (Birnbaum et al. 2003) . Yellow color intensity relates to log2 of the fold change over the average per cell type. Asterisks tag those cell types for which there is a statistically significant enrichment in genes misregulated by carbenicillin (calculated using Fischer's exact test, P < 0.01). IGs have been reported to control colonization of soil fungi such as Botrytis cinerea (Buxdorf et al. 2013) , Plectosphaerella cucumerina (Sanchez-Vallet et al. 2010) or Colletotrichum tofieldiae (Hiruma et al. 2010 ). While C. tofieldiae can establish a mutually beneficial interaction with the roots of wild-type Arabidopsis plants, the impairment of IG biosynthesis in the cyp79b2/b3 double mutant results in an increased colonization of the roots by the fungus and subsequent death of the plants 10 spores of C. tofieldiae. (I) Representative images of the plants used in the experiment shown in (H). Crb and Pen concentrations were 100 mg ml -1 , and asterisks indicate statistical significance (P < 0.05) with respect to the corresponding controls. At least 10 plants were analyzed per condition. . To investigate if the lower levels of IGs in plants growing in the presence of b-lactam antibiotics would affect the interaction between an endophyte fungus, C. tofieldiae, and Arabidopsis, we examined the phenotype of Pen-grown plants inoculated with 10 10 spores of C. tofieldiae at their roots. Similarly to the effect observed in the cyp79b2/b3 mutant-which did not survive the colonization by C. tofieldiae (Fig. 8H, I )-watering wild-type plants with Pen caused a significant hypersensitivity towards the fungus, as shown by the lower biomass generated in the inoculated plants (Fig. 8H, I ). While the interaction between Pen and C. tofieldiae was consistent among experiments, the apparent increase in biomass of plants watered with Pen in the absence of the fungus varied in the different experiments. In summary, b-lactam antibiotics seem to cause a biologically relevant defect in IG biosynthesis-and perhaps of other defense compounds-which translates into a weaker defensive capacity of the plant in the presence of colonizing fungi.
Discussion
The use of residues from urban wastewater treatments as fertilizers in agriculture has been a controversial issue for a long time (Udeigwe et al. 2015) . In addition to the accumulation of metals in soils as well as in vegetables, the fate of pathogenic microorganisms present in sewage sludge that end up in soil and could affect human health is not completely understood. The work presented here is the first systematic approach to evaluate the impact of b-lactam antibiotics on root development at the molecular level. In fact, the three main effects detected at the transcriptional level have indeed been confirmed as relevant at the physiological scale. (i) The enrichment of categories related to oxidative stress among the genes differentially expressed in the presence of the antibiotic matches the observed increase in ROS production in the root differentiation zone. As a consequence, other related traits can also be explained, such as root widening and shortening and the production of root hairs, given the reported connection between ROS and these processes (Niu et al. 2013 , Reyt et al. 2015 .
(ii) Differential induction of auxin response genes fits the observed increase in auxin accumulation and explains the enhanced production of lateral roots (Du and Scheres 2017) . (iii) Differential expression of genes involved in IG metabolism indeed resulted in a decreased level of several IGs and impacted the susceptibility towards one endophyte fungus. These observations indicate that roots perceive the presence of b-lactam antibiotics and they interfere with a number of important processes for plant development and morphogenesis, as well as with the interaction between plants and soil microbiota.
How do b-lactam antibiotics interfere with gene expression?
Our work does not allow the identification of the earliest events that trigger transcriptional changes in the presence of b-lactam antibiotics, but two pieces of information provide relevant clues: antibiotics seem to be intact inside the roots, and the induction of ROS production requires a functional NADPH oxidase in the roots. In other words, we can rule out that the main cause for all subsequent changes is the generation of breakdown products derived from the antibiotic molecules with enhanced redox potential. We can also discard the possibility that all the observed effects are the consequence of enhanced ROS production. For instance, despite the reported impact of ROS on auxin homeostasis (Manzano et al. 2014 , Sanz et al. 2014 , this mechanism does not seem to justify the increase in auxin concentration after antibiotic application, since this increase also occurred in the absence of a functional RHD2 gene. Rather, b-lactam antibiotics seem to target at least these two processes independently. Similarly, ROS-dependent activation of myrosinase gene expression has been reported to cause a decrease in IGs (Zhao et al. 2015 ), but we did not observe any change in the expression of PEN2, TGG1 or TGG2 encoding myrosinases in the RNA-Seq analysis of Crb-treated roots.
Understanding the activity of these antibiotics on root growth requires the identification of proteins with which they interact. It has been shown that chloroplast translation is the main target of streptogramins and aminoglycoside antibiotics (Cocito et al. 1979 , Kasai et al. 2004 , Conte et al. 2009 ), while tetracyclines seem to affect translation in the mitochondria and not in the nucleus (Clark-Walker and Linnane 1966, Moullan et al. 2015) . In the case of b-lactam antibiotics, which have been shown to decrease the number of chloroplasts only in moss (Katayama et al. 2003) , probably due to the presence of peptidoglucan in their cell wall (Hirano et al. 2016) , the root NADPH oxidase could be a likely target, but there is no previous evidence for the regulation of this enzyme by small molecules. Moreover, ROS accumulation could also be achieved by the interference, for instance, with ROS scavenging systems, as previously shown (Pnueli et al. 2003 , Rizhsky et al. 2004 , Miao et al. 2006 . Therefore, future work in this direction should involve other more unbiased approaches, such as genetic screenings searching for resistance to Pen or Crb, or biochemical isolation of proteins that physically interact with these compounds (Dejonghe and Russinova 2014) .
What is the biological relevance of b-lactam activity in roots?
Irrespective of the molecular targets of b-lactam antibiotics in root cells, an important question that allows a certain degree of speculation is the biological meaning of the observed effects: is this phenomenon relevant only in the context of human manipulation of agricultural soils, or does it reflect biologically relevant interactions in the rhizosphere? In favor of the hypothesis that b-lactam antibiotics participate-or mimic the effect of other natural compounds-in the interactions between roots and soil fungi, we can count on at least three observations. First, the net effect of Pen and Crb presumably facilitates colonization by fungi: they increase the adsorption surface (wider roots, more root hairs, more lateral roots) and reduce IG production. Secondly, previous work indicates that soil microorganisms secrete compounds that modify plant developmental patterns (Lareen et al. 2016) . Thirdly, induction of ROS production and root hair formation is conserved across the angiosperm lineage, since similar effects were also observed in tomato and rice roots (Supplementary Fig. S11 ). Moreover, it has been shown that Penicillium strains can interact with plants through the secretion of protease-sensitive molecules that promote the development of a protective induced systemic resistance (ISR) response when Pseudomonas syringae pv. tomato DC3000 is present (Hossain et al. 2007) .
In contrast, the main argument against the biological relevance of the effects caused by b-lactam antibiotics is the high concentration at which these compounds are able to interfere with plant cell signaling, in the millimolar range. Antibiotic levels have been found in soils in the range of 6-900 mg kg -1 (ThieleBruhn 2003). However, one can also envisage two situations that could overcome this critical issue: first, the concentrations at the interphase between the fungus and the root might reach higher levels than those detected in random samples of soil and/or, secondly, small amounts of these compounds could promote small changes in specific places in roots that would favor a localized colonization. In addition, b-lactam antibiotics might be poorer versions of as yet unidentified natural compounds with stronger biological activities in plants.
Can b-lactam antibiotics inspire new biotechnological strategies?
In recent years, there is a growing interest in the use of microorganisms or compounds with a microbial origin for the development of sustainable agriculture (Farrar et al. 2014) . Since blactams are produced by soil-borne fungi and they probably could be found naturally in soils, it would be feasible to develop new compounds that mimic some of their positive effects on root development (i.e. enhancement of adsorption surface) and not other negative effects, including their antimicrobial activities as proposed by several authors . Our preliminary observations indicate that neither clavulanic acid nor 2-phenylacetamide-two chemical moieties into which Pen can be separated-could trigger ROS production or impair root elongation (results not shown). Thus, finer chemical derivatization will be required to pursue this goal.
In any case, until those derivatives can be developed, checked and found not to increase antibiotic resistance, the deleterious consequences of the indiscriminate use of antibiotics for human and animal health should prevent their application in agricultural environments in view of the modifications produced by b-lactam antibiotics in the architecture, metabolism and sensitivity of plants, so more strict rules on the agricultural use of biosolids and animal manure should be established.
Materials and Methods
Plant material and growth conditions
Arabidopsis thaliana ecotype Col-0 was used as the wild type. Transgenic lines and mutants used have already been published: rhd2 (Schiefelbein and Somerville 1990), pSKP2B::GUS (Manzano et al. 2012) , cyp79b2/b3 (Zhao et al. 2002) , CYCB;1-GFP (Ubeda-Tomas et al. 2009), CYCB1;1-GUS (Colon-Carmona et al. 1999) , nia1 nia2 noa1 (Lozano-Juste and Leon 2010) and GL2::GUS (Masucci et al. 1996) .
For in vitro growth of Arabidopsis, Oryza sativa L. cv. Nipponbare and Solanum lycopersicum cv. M82, seeds were surface sterilized and sown on 1/2 MS (Duchefa) plates with 1% (w/v) sucrose, supplemented with the indicated amounts of Crb (FisherScientific Thermo) or Pen (Penilevel 5000000 U.I. Laboratorios ERN S.A.). Seeds were stratified for 3-5 d at 4 C and grown in growth chambers under long-day conditions (16 h light/8 h dark photoperiod, 100 mmol m -2 s -1
) at 24 C.
Root phenotyping
Plants were grown on vertical plates for the indicated times and scanned to measure primary root length and lateral root density. To determine root width, root hair density and root hair length, photographs were taken with a Leica DM5000B microscope and a Leica DFC550 digital camera (for root width) or a Leica MacroFluo MZZ16F macroscope and a Leica DFC300 FX digital camera (for root hair density and length). All quantifications were made using Fiji software (Schindelin et al. 2012) . A minimum of 15-20 roots per condition was analyzed. Photographs of O. sativa and S. lycopersicum roots were taken with a Leica MacroFluo MZZ16F macroscope as previously mentioned.
Confocal microscopy
To measure RAM length and the size of the epidermal cells around the transition zone, roots of 10-day-old seedlings grown vertically were stained with propidium iodide (12 mg ml -1
) and immediately visualized using a confocal laser scanning microscope (Zeiss LSM 780 AxioObserver). For green fluorescent protein (GFP) detection in CYCB1;1-GFP seedlings, the excitation source was an argon laser at 488 nm and detection filters between 495 and 540 nm.
To measure root width of cells from the epidermis, cortex and endodermis, 7-day-old seedlings were treated as previously described (Truernit et al. 2008) . Confocal stacks of roots were obtained with a Zeiss LSM 780 AxioObserver confocal microscope. Confocal reconstructions of cross-sections of the roots were performed using Fiji software. A minimum of 15 roots per condition were analyzed.
GUS expression analysis
GUS staining was performed as previously described (Jefferson et al. 1987 ) using 50 mM phosphate buffer (pH 7.0) containing 0.1% (v/v) Triton X-100, 1 mM potassium ferrocyanide, 1 mM potassium ferricyanide and 2 mM X-Gluc (5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid) (ThermoFisher Scientific). Staining of CYCB1;1-GUS, pSKP2B::GUS and GL2::GUS lines was examined after 90, 20 or 5 min incubation at 37ºC, respectively, in a Leica DM5000B microscope. The number of GUS-stained cells in the roots of CYCB1;1-GUS seedlings was determined manually.
A minimum of 15 roots per condition and experiment was analyzed.
Detection of endogenous ROS and NO
For the detection of ROS, 7-day-old seedlings of A. thaliana (n 15) or 10-day-old seedlings for O. sativa and S. lycopersicum (n 10) were mounted with 50 mM H 2 DCFDA (ThermoFisher Scientific) solution on microscope slides and immediately were visualized. Endogenous NO was visualized by staining roots with 4-amino-5-methylamino-2',7'-difluorofluorescein diacetate (DAF-FM-DA) as previously described (Guo et al. 2003) .
ROS-and NO-associated fluorescence was detected with a fluorescence Leica DM5000B microscope by excitation at 480 nm and emission at 509 nm, and the images were taken with a Leica DFC550 digital camera, using unchanged parameters for every measurement.
Quantification of IAA, glucosinolates and antibiotics
Seven-day-old seedlings grown in the presence or absence of Crb or Pen were collected, their roots washed three times, excised using a scalpel and immediately frozen in liquid nitrogen. Roots were washed by immersion in double-distilled water for 5 min with magnetic stirring and dried with sterile Whatman paper. This process was repeated three times using fresh water for every wash. Three biological replicates were harvested for each experiment. Approximately 100 mg of ground tissue per sample and treatment were used for quantification of IAA or glucosinolates and antibiotics.
IAA levels were determined as previously reported (LopezMoya et al. 2017) . Analysis of glucosinolates, Crb and Pen was carried out using LC/ESI-QTOF-MS (liquid chromatographyelectrospray ionization-quadrupole-time of flight-mass spectrometry) profiling, as previously described (Zandalinas et al. 2012 ).
Gene expression analyses
For RNA-Seq analysis, three types of samples were harvested: (i) seedlings grown on 1/2 MS plates for 6 d under long-day conditions before being transferred to 1/2 MS for 1 d (mock) or (ii) to 1/2 MS supplemented with 10 mg ml -1 Crb for 1 d, and (iii) 6-day-old seedlings grown on 1/2 MS supplemented with 10 mg ml -1 Crb and transferred to 1/2 MS plates supplemented with 10 mg ml -1 Crb for an additional 1 d. Total RNA was extracted with an RNeasy Plant Mini Kit (Qiagen) according to the manufacturer's instructions and then was frozen at -80 C until analyzed. The RNA concentration and integrity [RNA integrity number (RIN)] were measured in an RNA nanochip (Bioanalyzer, Agilent Technologies 2100).
The preparation of the libraries and the sequencing were carried out by Macrogen (Seoul, South Korea). RNA-Seq libraries were generated using the TruSeq Stranded Total RNA Library Prep Kit (Illumina) and sequenced in an Illumina sequencing system HiSeq 2000/2500 with a depth of 1.5 Gbp. Data have been stored on the Gene Expression Omnibus (GEO) with accession number GSE113243. To estimate expression levels, the RNA-Seq reads were mapped to the Arabidopsis reference genome using TopHat (Trapnell et al. 2012) . Transcript counts were calculated with HTSeq-count software (Anders et al. 2015) . For each transcript, the fold change between Crb and mock treatment was calculated. Differentially expressed genes were determined with 'edgeR' (Robinson et al. 2010 ) using as criteria fold change 2 and P-value < 0.01. The heatmaps were produced using the Matrix2png interface platform (Pavlidis and Noble 2003) . GO was carried out using the REVIGO platform (Supek et al. 2011) .
For quantitative reverse transcription-PCR (RT-qPCR), RNA from 7-day-old seedlings grown in 100 mg ml -1 Crb or Pen was extracted and treated with a DNase Kit (Ambion) to eliminate genomic DNA. Poly(dT) cDNA was prepared from 1 mg of total RNA with the PrimeScript TM 1 st strand cDNA Synthesis Kit (TAKARA BIO INC.) and analyzed on a 7500 Fast Real-Time PCR System (Applied Biosystems) with SYBR Premix Ex Taq II (Tli RNaseH Plus) ROX plus (TAKARA BIO INC.) according to the manufacturer's instructions. Primer pairs were designed with Primer Express 3.0 (Applied Biosystems). All individual reactions were performed in triplicate with three biological replicates. Expression levels were normalized to those of ACT8. Primer sequences are shown in Supplementary Table S2 .
Root inoculation
Surface-sterilized seedlings of A. thaliana Col-0 and cyp79b2/b3 were grown in 1/2 MS or 1/2 MS supplemented with 100 mg ml -1 Pen, with 1% (w/v) sucrose, 8 g l -1 agar, pH 5.7. Ten-dayold seedlings were inoculated (Ct + ) or not (Ct -) with 10 10 spores of C. tofieldiae per plant on their roots to ensure colonization and then transferred to pots containing sterile soil mixture peat:vermiculite (1:3). The inoculation dose was selected based upon previous reports ) and patent EP2885973A1. Since those references did not indicate the precise amount, we decided to use 10 10 spores in order to guarantee C. tofieldiae colonization. Inoculated plants were grown at 23 C under long-day conditions (16 h light/8 h dark) and irrigated with water with or without 100 mg ml -1 Pen over the surface soil for 11 d. Finally, at least 10 plants per treatment were harvested and their fresh weight measured. For the inoculation of the spores, one colony of fungus per plate was grown on malt extract agar (malt extract 20 g l ) at 24 C under long-day conditions (16 h light/8 h dark) for 7 d until the center of each fungal colony developed a black color due to spore production. Then, spores from three plates were recovered using 5 ml of sterile 0.01% Tween-80 per plate. Appropriate dilutions were made in sterile distilled water and counted in a Neubauer chamber in order to prepare inoculation doses.
Statistical analyses
The statistical analyses were performed using the Student t-test between treatments and mock or analysis of variance (ANOVA) tests as indicated (Graphpad Prism 6). Statistical significance was determined at P < 0.01 unless otherwise indicated.
Supplementary Data
Supplementary data are available at PCP online. 
